In recent years, with the rapid development of manufacturing, information, and management technology, advanced manufacturing systems (AMSs) have become increasingly more and more complex, which hinders the wider applications of many key theories and technologies in AMSs. 
massive different enterprises.
According to the two classified categories above, the selected articles just pay attention to some of the specific issues illustrated in the framework model of manufacturing system networks. As shown in Fig. 3 , from the two categories of 'in enterprise' and 'among enterprises', the selected articles are mainly focused on the sub-categories such as product design stage and production stage, enterprise collaboration, services, supply chain, logistic networks, and organization structure, respectively. 
Social Environment

Enterprise information system
E-kanban RFID Wireless Digistal process
Fig. 2 The framework model of manufacturing systems network
Categories Of Selected Literatures
Among Enterprises the top three research topics. Known from the statistics, the existing researches on complex networks in AMSs are more than those in the empirical stage. The detailed review and discussion on each specific issue of each category will be given in section 3. Logistics networks(7.3%) 11 (7.3%)
Organization structure(10%) 15 (10%) Fig. 4 Distribution of the related subject in these papers (up to April 1, 2015) Based on the above categories and the specific issues, two questions can be answered in this section.. It includes: (1) what applications of complex network are put forward in AMSs, and (2) what problems they have carried out.
In enterprise
The literatures on complex networks applications in enterprise are mainly divided into product design stage and product production stage.
Product design stage
Product design stage mainly refers to the stage before product manufacturing in an enterprise.
Based on the selected literatures, it includes part and component, product module, product family and product design and development. The complex network theory is used to reveal the complicated relations between product composition and assembly, as well as the information and knowledge flow.
Part and component
Complex products are comprised of many parts with intricate relationships, and those relationships can be described by the theory of complex networks. Introducing network topology to mass customization, the weighted directed complex networks with parts are regarded as vertexes, and the relations between them are considered as edges. The in-degree distribution and out-degree distribution of the parts relation network satisfy a power law, which is called scale-free characteristic [9] [10] [11] . For example, some new parameters, such as generalized in-degree, generalized out-degree and generalized connection, are introduced to obtain more accurate results [12] . In order to study the parts relation network of product family deeply, detection of simple paths in the parts relation network is investigated.
Based on the parts relation network, forecasting the number of parts and components is also studied to optimize inventory management and production planning [13] . Simultaneously, the evolving rule of parts relation network is also carried out [14] .
Finding: There are 4% of selected papers (6 papers) [9] [10] [11] [12] [13] [14] on the topic of parts and components, among which 6 papers are on the topological models of parts relation network and the characteristics, and 2 papers are on the dynamic behavior. These works are mainly used to verify the characteristics of small-world and scale-free networks of component relationships in product family or not by empirical and simulation study. Though the evolution laws of components are researched, the network models are generated by catching hold of the growing and preferential mechanisms of BA (Barabási-Albert, BA) model, which depicts the evolution process of scale-free network based on the growing and preferential attachment mechanisms. It needs to consider much more factors to obtain more accurate evolution models with the relationships between parts and components.
Product module
Product modularity is one of the most important characteristics in product family. In addition, module partition and configuration is the core of product modularity. Some works are on the construction of modular relation network and product configuration based on parts relation network.
For module partition, a large commercial aircraft engine is used as an example to test the impact of modularity on component redesign by a network approach with the analysis of degree distribution, average path length and connection [15] . Results show that the relationship between component modularity and component redesign depends on the interface type of product components connection.
The components relation network model is introduced and built for product family structure [16] . In order to evaluate the product modularization, a part relation network of product family is constructed.
Moreover, a simple-path detecting algorithm is studied for product module division by Fan et al. [17] .
As to the module partition problem of complex products and systems, a modified Girvan-Newman (GN) algorithm is adopted to establish this module partition problem [18] . To judge module partition, another work is developed to calculate the modularization coefficient and the modularization grade of complex products [19] .
For product configuration, a transfer method for correlative coefficient computing is put forward by applying directed network to represent product family structure [20] . They also studied dimension parameter transfer [21] , modification and variant design method [22] of product configuration.
Furthermore, to realize the variant design of assembly containing standard component, the parameters of assembly are analyzed s [23] , and a note on minimum makespan assembly plans is modeled by utilizing directed hyper graphs [24] .
Finding: In total, 6.7% of selected papers (10 papers) [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] are on this topic. It is obvious that product module partition gets much more attention compared to product configuration. The existing works on product configuration still focus on the configuration method and system implementation.
These researches mainly focus on the characteristics and evolution laws of component relation network on one hand, and on the other hand analyze selection, parameters modification and variant design of the configure module and product modularization evaluation. They provide new method and tool for product modularity related researches. However, more sophisticated mathematical models and analysis methods are required to evaluate module partition entirely and effectively.
Product family
The structure of product family is an effective measure to implement mass customization production [25] . The product family is made up of products with similar functions, structures or technologies. A product family structure model employing complex networks is constructed at first [16] . In order to describe the relationship among constituent components of product family structure, the network model is proposed to utilize edges representing the parent-child relations and functional relationship of components. A simple path-detecting algorithm is used to obtain the statistical characteristics of constituent components of the product family. By analyzing the module conjunction characteristics of the constructed network, the results can be used to guide the evolution process of product family structure [26] . By applying the structure network of product family, a structural rationalization method of product family is presented [27] . Moreover, Liu et al. present a structure-based product platform by combining complex network theory with axiomatic information [28] .
Finding: The characteristics and evolution rules of component network model and component class network model are preconditions for the researches on the network model of product family structure and its platform. Hence, some related works have been described in the previous two topics, ignoring these literatures, only 4 papers (2.7% of selected papers) [25] [26] [27] [28] discuss about product family structure, and are with greater value by combining complex networks to existing product design methods.
However, the further researches are required to collect more data from real general products so that the network model of product family structure could be improved.
Product design and development
Product development process can be generally divided into five major phases: concept development, system-level design, detail design, testing and refinement, and production ramp-up [29] . Each phase is decomposed into a large number of design activities. The design activities create an enormous, complex, and unstructured network. Some network-based researches have been put forward. For example, the network structure and the statistical mechanics are applied to the dynamics of large-scale product development [30] [31] [32] . Fu et al. point out the modeling and performance analysis of product development process networks [33] . Hultin et al. propose a model of network-of-networks to manage the complexity of product development [34] . Due to the tight connections among complex products, the dynamic behaviors are also important. As a result, the engineering changes [35] [36] , variant design, and the design processes streamlining [37] based on complex product development networks are carried out.
Finding: There are 6% of selected papers (9 papers) [29] [30] [31] [32] [33] [34] [35] [36] [37] on this topic. The complex product structure and many design activities make the network topology of product development process more obvious but complex, especially the network topology with the dynamic behaviors in the product design and development process. These works mainly consisted of two main layers. One is engineer changes in product design process, and the other is structure changes in product design process. In order to create cost-efficient project plans and ultimately design solutions quickly, engineering changes are determined by the quantitative measurement for product development process network. More physics characteristics should be defined to reflect real situations of engineering changes in product development process network. As for the product structure changes, it still lacks further investigations on the core dynamics by analyzing the information flow between nodes and knowledge developments within them. Therefore, the dynamics methodology and the Network-of-Networks with uncertainty can be paid attention in the future.
Product manufacturing stage
For product manufacturing stage, the process is mainly considered from raw material to production stage in enterprise. Based on the selected and classified literatures, it is mainly concerned with product fabrication processes and manufacturing systems, the relations exploration of workstations, and the monitoring of equipment and production line with both material and information flow.
Production process
Product manufacturing process includes processes from raw material, semi-products to final products. It makes a difference to the overall production process with the current diversification and specialization tendencies, which results in irregular and unpredictable dynamics of production processes. Actually, it consists of multistage machining processes (MMPs) in production processes.
Due to the complicated interactions between the different machining form features and machining status, the production process is dynamic and its error propagation path is complex. Therefore, the theory of complex networks also has some advantages on the analysis of MMPs. A weighted network is introduced, and the variation propagation stability of MMPs is analyzed by the virus spreading model based on complex networks [38] [39] . Similarly, complex networks are introduced to describe these interactions and the error propagation in MMPs [40] [41] [42] .
Regarding the quality attributes of work pieces and their processing elements (i.e., machine tool, cutting tool and fixture, etc.) as different nodes, a machining error propagation network (MEPN) is established with graph theory, and then the shortest path length, clustering coefficient and degree of distributions of MEPN are discussed in detail. The results show that once a quality defect of these nodes occurred, the machining quality of work pieces would not be stable. Then the dynamic MEPN is defined [43] [44] [45] . The dynamic model of MEPN provides a real-time and dynamic quality control method. A system framework and a weighted-coupled network-based dynamic quality control method are proposed to improve the machining errors of one key feature in production process [46] [47] . In order to monitoring and estimating the status of quality features, a general approach for quality monitoring and diagnosing in MMPs utilizing Bayesian networks is presented [48] . Furthermore, a quality control fractal network is established for extended enterprises by considering the constraint relationship among nodes [49] .
Finding: In the 12 papers on this topic (8% of the selected papers) [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] , the network models of multistage machining processes are proposed by combining the real network characteristics with complex networks theory. The variation propagation and quality control for multistage machining processes based on a number of measurement indicators are analyzed. However, there still are some problems. For example, the measurement indicators are constantly changing, the real-time status of each equipment in production process is different, and so on. The models of multistage machining processes network need to be improved by collecting more accurate data, considering more factors, and designing more sophisticated optimization algorithm.
Production line
Production line is a complex system because of the complicated manufacturing process, multiple types, high machining difficulty and many special processes in it. So complex networks are also a very good tool to deal with the complicated relationships in production line. The research team in Northwest
Polytechnic University in China introduces the small-world and weighted complex networks to build and analyze the production line network [50] . The results show that complex network is a feasible method to deal with the complicated problems in production line. Based on the production line network model, service capacity [51] [52] [53] [54] , reliability and balance [55] , robust and vulnerability [56] of production line are studied, respectively.
Finding ： 7 papers (4.7% of selected papers) [50] [51] [52] [53] [54] [55] [56] are classified into this topic. Some achievements are on the optimization problems for reliability evaluation of production line. Due to the great difficulty of collecting other companies' data, the above researches on production line are just for specific target company. As a result, the following issues should be carried out in the next further discussions: (1) consider more process-related factors (e.g., process time, process cost, process route, etc.) to improve production line network model, (2) try to optimize the capacity, balance and reliability of production line underlying the network model, (3) analyze the dynamics in deep and design more excellent optimization algorithms for production line network model, etc.
Manufacturing system
A traditional manufacturing system is composed of a number of elements, workstations, machines, buffers, transportation devices, and so on. It integrates the materials, information, and financial flows between above elements [57] . Investigating the topology of manufacturing systems as complex networks of material flow is an approach, which is put forward recently [58] . After the network for manufacturing systems being built, it is proved with the scale-free and small-world characteristics, and with no high clustering coefficient [59] . For the general work systems, a method of discovering autonomous structures in complex networks is presented specific to the material flow in shop floor. It also proposes an analysis method of anomalies detection with the theory of complex networks [60] [61] .
Besides the corresponding network modeling, an investigation on the performance and viability of centralized and decentralized production networks is presented [62] , and it is used to exploit the availability of large-scale data sets in manufacturing by applying measures from complex network theory and classical performance evaluation. With regard to more advanced topological measures, a model using complex network figures is designed to improve heuristics for manufacturing system design [63] . As to the stability and reliability of manufacturing systems, robustness evaluation and measures, characterization and classification [64] , as well as cascading failures on dynamic models of complex manufacturing network [65] are analyzed respectively. In order to evaluate a manufacturing system and its dynamic behaviors, a network motif is applied as a similarity indicator to assess the similarity and dissimilarity of manufacturing systems [57] . Moreover, a new approach is introduced to solve the tool-switching problem arising in flexible manufacturing systems [66] , and a graph-theoretic, linear-time scheme to detect and resolve deadlocks in flexible manufacturing cells is utilized [67] .
Finding: Known from the above 11 papers (7.3% of selected papers) [57] [58] [59] [60] [61] [62] [63] [64] [65] [66] [67] on this topic, these researches are mainly to create a manufacturing systems network model to address the following three issues: (1) how to model a manufacturing system as a network, (2) what dynamic behaviors in such a network are measured, and (3) how to detect and assess these behaviors. It shows that the network modeling of manufacturing systems is feasible and is particularly helpful for analysis of large manufacturing systems. However, the researches on evolution law and performance evaluation for manufacturing systems are still not enough.
Among enterprises
Different from the applications of complex networks in enterprise, the literatures on the applications of complex networks among enterprises primarily include the collaboration and cooperation between manufacturing enterprises in the whole product lifecycle or in industry cluster.
Enterprises collaboration
Collaborative design and innovation
Recently, with the rapid development of information technology, the collaborative work in a product design process has been widely used in industrial areas, which improves product design quality, shortens design time and enhances customer satisfaction [68] . With the globalization of industry, the collaborative design process becomes a complex system in which design activities and various elements (e.g. design activities, interdisciplinary knowledge, experts from different areas, and so on) are
involved.
In order to analyze the performance of complex systems for supporting design process organization, operation, control and management, the collaborative design process has been abstracted as a network named collaborative design network (CDN) [69] . Zhang et al. propose a new concept of scale-free collaborative product designing resource network to describe the features of the distributed design resources and to support the utilization and sharing of design resources by calculating and analyzing their dynamic characteristics based on the scale-free theory and model [70] . By introducing the network community and using network analysis techniques, the properties of collaborative design community are designed and discussed [71] .
Driven by the collaborative product design, customer collaborative product innovation (CCPI) and corresponding collaborative networks attract more attention as a new model [72] . Furthermore, they study the essentiality model for customer churn and its ripple effects [73] , importance evaluation method for innovative customer [74] , the robustness and optimization method [75] , the system stability and centrality analysis in CCPI system [76] [77] .
Finding: According to the classification and description, there are 10 papers (6.7% of selected papers) [68] [69] [70] [71] [72] [73] [74] [75] [76] [77] on this topic. It takes customer knowledge and creativity as the most valuable innovation sources in collaborative product design. The works in the section are to construct the network model for the product distribution, product design and innovation, and to analyze the network topology and dynamic behaviors. Due to the lack of empirical research from real world, further researches need to be done in the following issues: (1) how to improve the network model considering more factors, (2) how to utilize propagate, control and graph theory of complex networks to the whole process of product design and innovation, (3) how to study the relationship of product-customer-knowledge in the networks by using the community network and hyper-network, and so on.
Collaborative production
The collaborative manufacturing network is an alliance of business entities (mostly manufacturers and suppliers) among which the relations are extremely complex that collaborate on the production of complex products [78] [79] . From the perspective of global structure, the complex network theory which reveals the hidden laws of collaborative manufacturing network could solve the complex and even international collaborative production. Firstly, the topological model for inter-firm collaborative production networks (CPN) is developed with the analysis of the characteristics of inter-firm collaborative production [80] . Furthermore, correlation analysis of failure modes and vulnerability in CPN is studied based on the undirected weighted networks [81] [82] [83] . Aiming at collaborative mode for business-related multi-industrial chain, a mathematical model is established for the proposed collaborative network, and it shows that the business-related multi-industrial chain network node strengthens the distribution following the power-law distribution [84] . Moreover, a risk spread model of the industrial chain, which is applied and verified on the collaborative network of an automobile part industrial chain, is established [85] .
Finding: There are 8 papers (5.3% of selected papers) [78] [79] [80] [81] [82] [83] [84] [85] on collaborative production. However, the works almost focus on the undirected models of collaborative production network, and it is not adequate for the weighted network. Considering dynamic environment, it is necessary to pay much attention to the vulnerability and risk assessments of collaborative production because of the lack of control and feedback in production processes.
Knowledge system
The knowledge system is a complex adaptive system consisting of knowledge, related activities and other components. A knowledge system within a firm, involves different functions and members, and it is a typical complicated network with a variety of stakeholders. Hence, the complex networks theory can also be adopted in related research of knowledge system. For example, a knowledge resource cooperation complex networks for regional manufacturing is proposed to analyze the innovation ability of an organization and help distribute knowledge resources to business processes [86] . In order to decrease the complexity and uncertainty of knowledge management, the complex network is introduced into the knowledge management of manufacturing enterprises [87] . The correlation of knowledge is analyzed based on complex network for the knowledge integration [88] . Liu and Liao propose a method of knowledge evaluation and correlation analysis to acquire and reuse manufacturing knowledge and to improve the efficiency of decision-making based on complex networks [89] . Finally, Yang et al. built a complex networks model of design knowledge according to the application features of design knowledge in the innovative solution-seeking process and the many-to-many mapping relationships among three levels of knowledge [90] .
Finding: In total, 5 papers (3.3% of selected papers) [86] [87] [88] [89] [90] are carried out on this topic. They illustrate the link relationships between knowledge and business for enterprises organizational structure, product manufacturing, collaborative design and innovation, as well as the allocation relationships between knowledge and resources by using the theory of complex network. However, the network models of knowledge systems should be further considered with knowledge semantics, domain ontology, and other factors.
Services
Under the environment and trend of servitization in manufacturing [4] , service requires intelligent management with much more collaboration and cooperation. Thus, manufacturing grid (MGrid), service-oriented manufacturing (SOM), cloud manufacturing (CMfg) and other AMSs are presented successively. There are also some applications of complex networks into these systems because of their complexity.
For example, in MGrid systems, Liu et al. carry out a complex network model of production-collaboration, illustrate the average path length based flexibility analysis, and put forward the network evolution and resource allocation considering economics, robustness, and other external factors [91] [92] . In order to resolve the difficulty to trace the order sheets and extract the manufacturing process in mass customization, a manufacturing network model in MGrid based on complex network theories is interconnected and interlaced by task assignment network, completion feedback network and information communication network [93] . As for the resource nodes in MGrid systems, the degree of nodes, the shortest path between each two nodes, the synchronization performance, and community partition are discussed, respectively [94] [95] [96] . Besides, the degree distribution, the mode dole, the average path length and the clustering coefficient are also analyzed in another work [97] .
In SOM systems, the workable resource pool is described considering small world network characteristic [98] . Compared to the enterprise collaboration network in SOM [80] , a service-oriented manufacturing network based on the complex weighted network theory is defined. Furthermore, the statistic parameters, the conception of product service network and product service chain, the microcosmic constitution of product service systems, and the coupling mechanism between services are studied [99] . For the concept of social manufacturing which is extended from SOM, the enterprise relationship network based on social network is modeled and analyzed [100] [101] .
In CMfg systems, a correlation-aware service combination network with the scale-free dynamics is proved theoretically, and dynamic evolution operators of service combining network are designed and studied firstly [102] .An evolution model of CMfg and its evolution mechanism is proposed and investigated in the following researches. It is found that there exists an intermediate task saturation degree resulting the most extensive participation in CMfg [103] . To analyze and evaluate virtual enterprise venture, a trust network structure pattern mining based on CMfg platform is presented which includes the ontology representation, static and dynamic modeling and the push and pull service mechanism [104] . In addition, a hyper graph clustering-based cloud manufacturing service management method is presented by Wu et al. [105] . Similar to SOM systems, a social network analysis approach is formulated to analyze the socio-technical network generated by cloud-based design and manufacturing (CBDM) systems. The results indicate that social network analysis allows for visualizing collaborative relationship patterns of actors as well as detecting the community structure of CBDM systems [106] .
Finding: After introducing the thought of service-oriented architecture (SoA) into AMSs, the modes and systems of MGrid, SOM, CMfg and other AMSs with the concept of "manufacturing services" are getting more and more attentions. Thus there are almost 17 papers (11.3% of selected papers) [91] [92] [93] [94] [95] [96] [97] [98] [99] [100] [101] [102] [103] [104] [105] [106] [107] on this topic. These papers mostly research on the relationship of resource nodes using complex network theory, and analysis of network topological models, critical statistical indicators, robustness, information spread and community structure, in order to reveal the inner law of network models and to select, composite and allocate manufacturing resource or service nodes with the optimal decision-making. Due to the servitization and socialization of manufacturing, more and more researches are addressing the complex networks based supply-demand matching of manufacturing services and enterprises collaboration with the characteristic of socialization, uncertainty and dynamics [107] .
Supply chain
A supply chain can be defined as a network of autonomous or semiautonomous business entities collectively responsible for procurement, manufacturing and distribution activities associated with one or more product families. Different entities in a supply chain operate subjects to satisfy different sets of constraints and objectives [108] . In recent years, many researchers and practitioners have established supply chain networks in manufacturing to describe and analyze the whole performance of the supply chain with complex networks.
From the view of network model, supply chain networks prove to be small world networks [109] [110] . Wang discusses the directed network system of supply chain networks for the product family networks [115] . Based on complex network theory and two-phase methodology, Zheng and Liang consider the dynamics in the design of complex supply chain network [116] .
As for the reliability research, Sun and Wu analyze the robustness of supply networks created by their own scale-free model [117] . In order to facilitate the decision-making process, Vafa et al. use social network analysis tool to establish a visualization supply chain networks model [118] . The importance of nodes in supply chain network is analyzed using the theory and methods of complex network [119] .
Moreover, the obtained results have been applied to supply chain network of automobile industry in Guangzhou to demonstrate its key nodes. Wen et al. list different manifestations of the proposed complex supply chain network, especially the robustness of the network [108] . The source of the supply chain risk is revealed by Yi et al. through a complex supply chain network modeling evolution. The ability of the supply chain network to resist risks can be improved largely by working closely with key nodes and increasing network resilience [120] .
From the view of improving methods, Wu et al. present a novel matrix-based Bayesian approach for the optimal resource selection in supply chain of manufacturing resources [121] . A new entropy approach is developed by Zeng et al. to study the vulnerability of cluster supply chain network during the cascading failure spreading from a holistic point of view [122] . The tools of complex network theory and social network analysis are used to obtain the network representation of cluster supply chain system and explain its cascading phenomenon. By defining critical routes, Safaei et al. calculate the delivery time uncertainty of a stochastic and mathematical model in supply networks [123] . This approach can be used as a tool for managers to control and monitor the uncertainty in complex networks. Qin et al.
discuss various uncertainties of supply chain networks in manufacturing industry, and analyze the spread and control of uncertainty of complex supply chain network in manufacturing industry [124] .
These researches show that enterprises could be capable of coping with uncertainty effectively by reducing delivery lead times and strengthening the exchange of information. Kim et al. advance a more precise definition of supply chain networks disruption which benefits from a deeper understanding of supply network structure and its influences on disruption risk and resilience at the network-level [125] .
Kaihara and Fujii propose an economic negotiation mechanism with a complex network for supply chain management [126] . In order to promote the modularization of member enterprises, a supply chain network for the product family is proposed by Wang [111] . An agent-based network analysis is applied to the evolution of complex adaptive supply chain networks [127] . Furthermore, the multi-agent systems and the interactions between them have been represented [128] [129] [130] . From the view of complex supply networks, the survivability and robustness are also explored. In order to improve the flexibility of supply chain, hyper-network is used to study integrated E-supply chain networks [131] [132] .
Finding: For the massive researches on supply chain network, 25 papers (16.7% of selected papers) have been analyzed and discussed. It is clear that supply chain is a popular research topic.
The researches on supply chain network cover not only the product plan, purchasing, inventory, diversity, the relationship of suppliers, distributors and retailers, but also the complete manufacturing process. The existing works mainly focus on the construction of supply network models and the analysis of its dynamical behaviors and characteristics, especially on uncertainty and vulnerability analysis, robustness and cascading failure, risk assessment. In future works, combining supply networks with logistics networks, product design networks, product development networks, product manufacturing networks, social networks and multi-agent networks may be the challenges.
Logistics networks
Logistics systems are required to operate efficiently in order to reduce the use of resources and time.
In recent years, logistics systems have led to a wide range of research activities in production logistics and supply chain management as part of the just-in-time philosophy and inventory optimization strategies [133] . It is claimed that logistics network is a complex dynamical system and the optimization and control of the networks are hot research topics [134] .
Most researchers devote to discussing the network models and characteristics to solve some logistics management problems. Deng and Chen study the logistics network model and its characteristics of growth, preferential attachment, edge-weighted and clustering [135] . A small-world network based information flow network model and its sharing mechanism are presented and analyzed [136] [137] . The information shared in one maintenance logistics system is provided to illustrate the feasibility of the proposed method. Using the theory of complex networks, Chen et al. propose a scale-free network model of the growth of logistics information networks [138] . Scholz-Reiter et al.
investigate the problem of model reduction with a view of large-scale logistics networks [139] . Yao et al.
study the behavior dynamics for the large-scale logistics system warehouse-out operation systematically [140] . Zu et al. study the complex regional logistics network and its evolutionary mechanism [141] . The green logistic network in an eco-industrial system is designed by modifying the BA model based on the intrinsic properties of eco-industrial systems [142] . Meepetchdee and Shah characterize the logistical networks by using graph theoretic formalisms to observe average path length, clustering coefficients and degree distributions, propose a conceptual framework for designing logistical networks with desired levels of robustness, and explore relationships of logistical network efficiency, robustness, and complexity through mathematical models [143] .
Finding: From the above 11 papers (7.3% of selected papers) [133] [134] [135] [136] [137] [138] [139] [140] [141] [142] [143] , it can be seen that the researches on logistics network gradually expand to the completely manufacturing process. However, how to identify other aspects of robustness and complexity, how to solve the scientific problems about dynamics fuzziness, randomness, and nonlinearity in regional logistics network organization, still need to be paid much more attention.
Organization structure
The organization of virtual enterprises and their alliance is with complex network topology. The complex and dynamic enterprise network is of diverse internal connection, which eventually leads to the complexity of the entire network system [5] . A manageable small world community for collaborative enterprises within virtual organization is proposed, and the experimental results show that the small-world community network is highly clustered, short in diameter, easy to manage, and highly scalable [144] . Then the social network analysis is used as a tool to improve the architectures of enterprises and their alliance. [145] . Furthermore, a deterministic hierarchical network model is proposed, and its statistical properties in manufacturing are discussed. The simulation results prove that the artificial networks can simultaneously possess small-world and scale-free properties well [146] .
In addition, it is drawing more and more attention by researchers, from enterprises alliance to industry clusters．By introducing complex network theories into industrial clusters, it can also generate much useful insight for industry organization analysis from the macro aspect. Known from the selected literatures, it also has the specific applications based on complex networks in different industries. For example, automotive industry [146] [147] [148] , aircraft and aerospace industry [149] [150] , electronics and semiconductor industry [151] [152] , home appliance manufacturing industry [153] , shipping manufacturing [154] , ceramic industry [155] and others [156] [157] [158] . These results are helpful for the decision support for enterprises and governments both in micro level and in macro level to respond to the dynamic competitions.
Finding: In total, there are 15 papers (10% of selected papers) [144] [145] [146] [147] [148] [149] [150] [151] [152] [153] [154] [155] [156] [157] [158] on organization structure. It is helpful for the architecture improvement of enterprises, alliances and industry clusters. However, it lacks the real-life data of manufacturing enterprises, and it is important to improve the enterprise networks or to optimize measurements indices with the real-life data. In addition, the competition assessment for industry cluster, statistical analysis and evolution of the networks of different industry clusters are the most important issues in the future researches.
Trends and future works
In section 3, it summarizes and analyzes the selected literatures on the applications of complex networks in AMSs by category. In this section, it will answer the third question mentioned in the abstract, expounding what are the limitations and directions of the existing works. As known from the above discussion, the researches of this category experience several stages as follows, the relationship of parts and components, the product module, the product family, and finally the product networks.
Production-related research takes production as the focus to integrate the related works both in and among enterprises. The production stage and the collaborative production are included in this category.
From this respect, the researches of this category develop from different stages, including single process stage, multistage machining process, production line, shop floor layout, and production networks and even production hyper-network.
In service-related researches, the service is taken as the focus to integrate the researches about manufacturing resource services in an enterprise and among different enterprises. It includes enterprise structure, industry cluster and its application with the consideration of manufacturing services.
Summarized from the selected literatures, the related research involves manufacturing servitization and service-oriented manufacturing, and evolves to service network, service chain network, and service hyper-network.
Enterprise-related research takes organization as the core to integrate the related researches of manufacturing enterprise organization structure in different manufacturing industries. From this perspective, the researches of this category develop as it is going through single enterprise, enterprises network, industry cluster, region network, and global network.
Based on the analysis of the whole development sequence of the applications of complex networks in AMSs, complex network theory is the effective means and tendency of product-related, production-related, service-related, and enterprise-related researches. There exist various problems of networks intertwined and network of networks in complex systems, although complex networks can model and analyze diversified network structure. Specially，hyper-networks can be used to describe and represent the interaction and influence between networks. In addition, the collaboration and integration of multi-layer networks between product-related, production-related, service-related, and enterprise-related networks can be realized through hyper-networks. Currently, the applications of complex networks in AMSs mostly focus on exploration and verification phase, such as constructing a network topology structure, analyzing the statistical characteristics, making manufacturing plan and formulating the macro control, and so on. Some research works are still not in depth, such as microscopic analysis, the feedback mechanisms of manufacturing process, the dynamic characteristics, and collaboration between processes. Some future works are inspired by the researches, such as (1) try to find more appropriate network models for AMSs and make the network model more close to real world, (2) try to find the measurement indices to understand the dynamic characteristics and behaviors of networks, (3) try to design the advanced optimal algorithms in order to get feasible and optimal solutions for desired objectives in AMSs.
Conclusions
In the last two decades, it has shown an increasing interest in network science applied into manufacturing. The present article provides a survey of the available literature on the applications of complex networks in AMSs with a special emphasis on framework model of manufacturing system networks based on the papers from 2000 to 2015. The framework model is classified into two categories of in enterprise and among enterprises. It has also been found that there is a rapid growth in the number of papers in recent five years.
From a holistic view, the whole development sequence on the applications of complex networks in four aspects of product-related, production-related, service-related, and enterprise-related researches is constructed. Theory of complex networks is the tendency to be studied and applied to solve complicated manufacturing problems in each aspect. Specially, hyper-network has been applied on the reviewed literature and to represent the interaction and influence between networks in four aspects. However, a deeper research is urgent in building appropriate and accurate network models such as considering more factors, realistic data, optimal algorithm and dynamic activities.
In conclusion, there are many promising research opportunities for understanding AMSs through the theory and applications of complex networks, which is undoubtedly fertile field for researches.
